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Inefficient screening of electric fields in nanoconductors makes electric manipulation of electronic 
transport in nanodevices possible. Accordingly, electrostatic (charge) gating is routinely used to 
affect and control the Coulomb electrostatics and quantum interference in modern nanodevices. 
Besides their charge, another (quantum mechanical) property of electrons — their spin — is at the 
heart of modern spintronics, a term implying that a number of magnetic and electrical properties 
of small systems are simultaneously harvested for device applications. In this review the possibility 
to achieve “spin-gating” of mesoscopic devices, i.e. the possibility of an external spin control of 
the electronic properties of nanodevices is discussed. Rather than the Coulomb interaction, which 
is responsible for electric-charge gating, we consider two other mechanisms for spin gating. These 
are on the one hand the magnetic exchange interaction in magnetic devices and on the other 
hand the spin-orbit coupling (“Rashba effect”), which is prominent in low dimensional conductors. 
A number of different phenomena demonstrating the spin gating phenomenon will be discussed, 
including the spintro-mechanics of magnetic shuttling, Rashba spin splitting, and spin-gated weak 
superconductivity. 
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I. INTRODUCTION 

One of the fundamental features of nanoconductors is 
that their electronic properties quite easily can be in¬ 
fluenced by external electric fields. This can achieved 
by the means of a nearby charged electrode, i.e. by an 
electrostatic gate, which allows extra electrons to be at¬ 
tracted to or expelled from the nano conduct or. Such 
an electrostatic gating of nanoconductors is important 
for the functionality of a number of devices. One ex¬ 
ample is two-dimensional quantum dot structures, which 
can be defined in the conducting plane of semiconductor 
heterostructures by electrostatically confining the lateral 
orbital motion of the itinerant electrons ? 1 Another ex¬ 
ample is the single-electron tunneling (SET) transistor, 
where a gate electrode is used to control the tunneling 
of single electrons onto its central island and hence the 
accumulation of charge thereP 

The spin degree of freedom of the electrons is es¬ 
sentially decoupled from the orbital electron motion in 
bulk conductors but may become important for electronic 
transport in nanometer sized conductors. This is because 
the lack of efficient electric screening and the composite 
nature of certain modern nanodevices opens up a pos¬ 
sibility for the spin-orbit coupling to be significant. If 
so, it becomes possible to control the accumulation of 
electronic spin in nanoconductors in analogy to how the 
accumulation of electric charge can be controlled in elec¬ 
trostatically gated nanostructures. As a result “spin gat¬ 
ing” of nanodevices becomes possible, offering new func¬ 
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tionality for electronic and spintronic manipulations of 
nanodevices. 

In this article we briefly review some of our recent work 
that explore the use of spin gating in normal-metal, fer¬ 
romagnetic and superconducting devices. We will show 
that non-coherent and quantum-coherent transport in 
nanowires and nanodots as well as the nanomechanics 
and superconductance of Josephson weak links can be 
drastically modified by spin gating, which hence provides 
a means for spin control on the nanometer length scale. 

The magnetic exchange interaction between the mag¬ 
netic moments of ferromagnetic leads and the spin ac¬ 
cumulated on the central island (quantum dot) is one 
source of spin gating in magnetic nano-electromechanical 
SET devices (NEM-SETs). In principle, the exchange 
force corresponding to this interaction is strong enough 
to significantly affect the nanomechanics, allowing for 
spintromechanical polaronic effects and spintromechan- 
ical instabilities to appar in such devices. 

Another mechanism that can be used for spin gating 
is the spin-orbit interaction, which can be very strong in 
nanowires and carbon nanotubes. We will show that this 
interaction can be employed for spin gating of nanowire- 
based electric weak links, with the result that incident 
electronic waves are coherently split with respect to two 
possible spin projections. This is an effect that can be 
detected through the spin currents that are generated by 
such spin-active weak links. 

Spin gating of superconducting weak links, finally, in¬ 
duces a spin splitting of the electrons that form Cooper 
pairs. This may drastically affect the transfer of Cooper 
pairs through a magnetic wire and opens up the possi¬ 
bility for spin-gate induced stimulation of the Josephson 
current in Superconductor-Ferromagnet-Superconductor 
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weak links. 

The spin-gating phenomena introduced above will be 
described in more detail in Sections IIIII - IVl below. Before 
we do so, we will in Section |TT] discuss the physics and the 
strength of spin-gating effects, which can be expected in 
modern nanodevices. Finally, In Section |VI[ we present 
our conclusions. 


II. PHYSICS AND STRENGTH OF 
SPIN-GATING EFFECTS IN MODERN 
NANODEVICES 

Since there is no problem to allow electric charge to 
accumulate in nanometer sized spatial domains (nano¬ 
dots, micro-constrictions and nano-wires) it is not diffi¬ 
cult to produce a strongly localized electrostatic gating 
effect in nanodevices. In order to achieve a similarly lo¬ 
calized spin gating effect by means of an external mag¬ 
netic field one would need a field that is inhomogeneous 
on the nanometer scale. This is difficult to achieve by us¬ 
ing standard magnetic-field sources. However, a strong 
spin gating effect can be obtained in a different way in 
magnetic nanostructures by relying on strong and short 
range magnetic exchange interactions. A simple nanos¬ 
tructure, where such a magnetic exchange gating can be 
arranged, is sketched in Fig. Bb which shows a single¬ 
electron tunneling device whose source and drain elec¬ 
trodes are ferromagnets. Here, the exchange interaction 
between the magnetic moment (spin) of electrons local¬ 
ized on the central island of the device (the dot) and the 
magnetic moments of the electrodes induces a gating ef¬ 
fect through the Zeeman energy split of the electronic 
levels on the dot with respect to their spin projection. 
The strength of this exchange interaction is proportional 
to the overlap of the wave functions of electrons localized 
on the dot with the wave functions of the electrons in 
the source- and drain electrodes and is therefore expo¬ 
nentially sensitive to the distance between the dot and 
the electrodes. It follows that the exchange interaction 
leads to a short-range spin gating effect that varies on the 
scale of the electron tunneling length. The rapid spatial 
variation of the exchange energy corresponds to a signifi¬ 
cant exchange force that acts on the dot and depends on 
the total amount of spin accumulated in the dot. This 
is a new feature of magnetic nanodevices compared to 
nonmagnetic ones, where due to the electrostatic gating 
effect only the Coulomb force — proportional to the total 
electric charge on the dot — acts on the dot. 

The magnetic exchange gating effect described above 
can be quite strong. In fact the strength of the Zeeman 
energy split has been measured in several experiments, 
two of which shall be mentioned here. In one, Pasupa- 
thy et alP measured Kondo-assisted tunneling via C-60 
molecules in contact with ferromagnetic nickel electrodes. 
Kondo correlations persisted despite the presence of fer¬ 
romagnetism, but the Kondo peak in the differential con¬ 
ductance was split as a result of an exchange splitting 
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FIG. 1: Sketches of three mesoscopic devices in which a strong 
spin gating effect can be achieved, (a) Tunneling device com¬ 
prising a movable non-magnetic quantum dot coupled by elec¬ 
tronic tunneling and by magnetic exchange interactions to fer¬ 
romagnetic leads. The high sensitivity of the exchange energy 
to dot displacements along the *-axis corresponds to a strong 
exchange force that affects the nanomechanics of the system, 
(b) The ’’Rashba spin splitter” discussed in Section IV A 


break junction supports a nanowire attached by tunnel con¬ 
tacts to two biased electrodes ([L] and [R]). Small vibrations 
of the wire induce oscillations in the angle 6 around some 
value 9o. The upper gate electrode is an STM tip biased dif¬ 
ferently. The spin-splitting Rashba interaction in the bent 
wire can be controlled via the bending angle 8, which can be 
modified both mechanically and electrically, by biasing the 
STM. (c) The S-F-S constriction discussed in Section [V] A 
normal-metal nanowire (NW) in contact with a ferromagnetic 
insulator (FI) bridges the gap between two superconductors 
(S) while a magnetic STM tip, acting as a spin gate, can be 
used to influence the magnetization in parts of the nanowire. 


of the Kondo resonance. The local exchange field on 
the quantum dot was estimated to be greater than 50 
tesla. In the other experiment, Hamaya et alP stud¬ 
ied the Kondo effect in a semiconductor quantum dot 
coupled to ferromagnetic nickel electrodes and found a 
split Kondo resonance peak in the absence of an exter¬ 
nal magnetic field. The splitting was again found to be 
due to a Zeeman spin-split energy level on the dot caused 
by the magnetic exchange interaction. The splitting of 
the Kondo resonance could be removed by applying a 
compensating external magnetic field of about 1.2 tesla, 
which hence is the approximate strength of the exchange 
interaction in the experiment. 

Another vehicle for coupling electronic spins and the 
orbital motion of electrons and hence for affecting elec¬ 
tronic transport on the nanometer scale is the spin-orbit 
interaction. 5 Being relativistically small such a coupling 
does not play a significant role for transport phenomena 
in bulk materials but might play an essential role in the 
vicinity of surfaces, where unscreened electric fields that 
cause spin-orbit coupling can be as strong as the electric 
field in atoms. Rashba based his suggestion of a strong 
spin-orbit effect on the surface properties of solids on this 
argument. His argumentation is fully applicable to low 
dimensional conductors such as nanowires and quantum 
dots with a large surface to volume ratio. In fact the 
Rashba spin-orbit interaction in carbon nanotubes has 
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been found to significantly affect their electronic proper¬ 
ties. 

An important feature of the spin-orbit interaction is 
its sensitivity to the curvature of the electron trajectory, 
which is determined by the geometry of nanowire-based 
nanodevices. This opens the way for inducing an inho¬ 
mogeneous spin-gating effect in nanowire based electric 
week links. Later, in Section |IV[ we will show that in 
a mechanically bent nanowire a strong spin gating effect 
can be induced by the Rashba interaction resulting in a 
coherent splitting of the electronic states with respect to 
their spin. Various consequences of such a Rashba spin 
splitting effect will be discussed. 

Three mesoscopic devices for which strong spin gat¬ 
ing effects have been predicted are sketched in Fig.JTj 
Of these the magnetic shuttle device shown in Fig. [lji 
was used to illustrate spin-gate controlled nanomechan¬ 
ical effects. In this device spin-dependent exchange 
forces can displace the dot with respect to the source 
and drain electrodes and thereby influence how elec¬ 
trons of different spin projections tunnel through the de¬ 
vice. A strongly spin-polarized electric current and a 
spin-induced nanomechanical shuttle instability has been 
predicted for such a “spintro-mechanical” device. Such 
spintro-mechanical phenomena are examples of how spin 
gating can affect incoherent electron transport through 
mesoscopic devices. 

The possibility of using spin gating to control the phase 
of the electronic wave function was demonstrated for 
the “Rashba spin-splitter” device shown in Fig. In 
this case an extra contribution to the phase can be ac¬ 
cumulated as electrons travel through a bent nanowire. 
This effect, known as the Aharonov-Casher effect, can 
be viewed as a coherent twisting of the electronic spin. 
It leads to a Rashba spin-gate induced splitting of the 
electronic waves that travel through the device. Con¬ 
sequences of such a spin-splitting effect for the device 
functionality are discussed in Section [TV} 

How spin-gating of superconducting Cooper pairs 
can be realized has been demonstrated by consider¬ 
ing the Josephson current through a Superconductor- 
Ferromagnet-Superconductor weak link such as the one 
sketched in Fig. [[[•. Here an additional magnetic elec¬ 
trode (spin gate) enables one to control the spin struc¬ 
ture of Cooper pairs that travel through the device. In 
Section |V] we demonstrate the possibility to enhance the 
supercurrent by such a spin gating technique. A discus¬ 
sion of future applications of spin gating control of both 
coherent and incoherent transport phenomena in meso¬ 


scopic devices is given in the concluding Section VI 


III. SPIN GATING IN MAGNETIC NEM-SET 
DEVICES 


Electron tunneling from the source- to the drain elec¬ 
trode via the central dot of a single-electron tunneling 
(SET) device^ allows for the accumulation of both a 



FIG. 2: A movable quantum dot in a magnetic shuttle de¬ 
vice can be displaced in response to two types of force: (a) 
a long-range electrostatic force causing an electromechanical 
response if the dot has a net charge, and (b) a short-rang mag¬ 
netic exchange force leading to “spintromechanical” response 
if the dot has a net magnetization (spin). The direction of 
the force and displacements depends on the relative signs of 
the charge and magnetization, respectively. 


net electric charge and a net electron magnetic moment 
(spin) on the dot. Nanomechanical consequences follow if 
the dot can change its position as a result of the ensuing 
and possibly strong electrostatic- and exchange forces as 
we have discussed in Section [IIJ It is interesting to com¬ 
pare the effects of these two forces, which are illustrated 
in Fig. [2] Tunneling of an electron into the dot can be 
induced by voltage biasing the source electrode. Such a 
bias results in the accumulation of extra charge on the 
source electrode so that Coulomb repulsion expels elec¬ 
trons from the electrode and stimulates them to tunnel to 
the dot. Clearly, the same Coulomb repulsion will then 
repel the charged dot form the source electrode. 

The situation is qualitatively different if extra spins 
are accumulated on a magnetic source electrode so that a 
non-zero net magnetization of the material is possible. In 
this case majority-spin electrons have a lower energy due 
to their exchange interaction with the magnetization of 
the material. Making such electrons tunnel to the dot di¬ 
minishes this energy lowering effect, which can be viewed 
as an increase of the exchange energy. It follows that 
an exchange force resulting from localizing a majority- 
spin electron on the dot would attract the dot towards 
the source electrode. This means that electrostatic bi¬ 
asing and spin biasing of electrons on the dot induce 
forces on the dot with opposite directions. The result 
is a qualitative difference between electrostatically gated 
electromechanicJ® and spin-gated spintro-mechanics, the 
latter being the subject of this Section. 

Another difference between electro- and spintro- 
mechanical behavior is that in contrast to electric charge 
the electronic spin accumulated on the dot can be 
changed even in the absence of electron tunneling into 
and out of the dot. This can be done by applying an 
external magnetic field applied perpendicular to the spin 
polarization of the electrons. The effect of such magnetic 
stimulation of mechanical dot vibrations is discussed be¬ 
low. 

An interesting effect of spatial spin segregation in a 
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NEM-SET device occurs if the spin-dependent shift of 
the equilibrium position of its central dot is taken into 
account. This shift happens since in addition to the elas¬ 
tic forces there is a magnetic exchange force whose sign 
depends on the net magnetic moment of the dot (which 
could be due to a single electron spin). The equilibrium 
dot position is shifted either closer to or farther away 
from the source electrode and hence either farther away 
from the drain electrode or closer to it. As a result the 
equilibrium position of the dot will be different depend¬ 
ing on the orientation of the electron spin(s) on the dot. 
Since the tunneling resistance is exponentially sensitive 
to the position of the dot relative to the leads it follows 
that tunneling currents comprising electrons of different 
net spin orientations could be of very different magni¬ 
tude. That the effect of such spin filtering can be very 
large will be demonstrated below. 

The Hamiltonian that describes the magnetic nanome¬ 
chanical SET device has the standard form, except for its 
spin-dependent part (representing the magnetic exchange 
energy) which now depends on the mechanical displace¬ 
ment of the dot. Hence 


H — -Pleads T -^tunnel H - A/flot ; (1) 

where 

-Pleads = ^ \ (2) 

k,(T,S 

describes electrons (labeled by wave vector k and spin 
a =f, |) in the two leads (s = L, R). Electron tunneling 
between the leads and the dot is modeled as 

-^tunnel E T *(*) a L c, + H.c., (3) 

k,f7,S 

where the matrix elements T s (x) = T'j 0 '* exp(=Fx/A), with 
A the characteristic tunneling length, depend on the dot 
position x. 

The movable single-level dot is modeled as a harmonic 
oscillator of angular frequency wo, 

iZdot = Huob'b + n cr [eo - sign(cr) J (a:)] + E c n^n± , 

G 

(4) 

where sign(f, |) = ±1, Eq is the Coulomb energy associ¬ 
ated with double occupancy of the dot and the eigenval¬ 
ues of the electron number operators n c , is 0 or 1 . The 
position dependent magnitude J(x) of the spin depen¬ 
dent shift of the electronic energy level on the dot is due 
to the exchange interaction with the magnetic leads (and 
any external magnetic field). 

Tunneling of electrons into or out of the dot may have 
two distinct effects on the dot mechanics. One is that 
it in principle changes the equilibrium position of the 
dot with respect to the leads (a polaronic effect) and the 
other is that it may lead to mechanical vibrations of the 
dot. The build-up of the amplitude of these vibrations as 
more and more electrons pass through the device could 


depending on the strength of the mechanical dissipa¬ 
tion in the vibronic subsystem - lead to a steady-state 
amplitude much larger than in thermal equilibrium. Be¬ 
low we will consider the two opposite limits of strong and 
weak dissipation. In the strong-dissipation limit no non¬ 
equilibrium vibrations will develop and small-amplitude 
vibrations of the dot will correspond to thermal equilib¬ 
rium. In the weak-dissipation limit, on the other hand, 
the amplitude of the dot vibrations may be much larger 
than in thermal equilibrium and correspond to a current- 
induced nanomechanical shuttle instability. 


A. Spin-Polaronic Discrimination of Spin-Polarized 
Electrical Currents 

The spatial separation of dots with opposite spins is 
illustrated in Fig. [3] While changing the population of 
spin-up and spin-down levels on the dot (by changing 
e.g. the bias voltage applied to the device) one shifts 
the spatial position x of the dot with respect to the 
source/drain leads. It is important that the Coulomb 
blockade phenomenon prevents simultaneous population 
of both spin states. If the Coulomb blockade is lifted the 
two spin states become equally populated with a zero 
net spin on the dot. This removes the spin-polaronic 
deformation and the dot is situated at the same place 
as a non-populated one. In calculations a strong mod¬ 
ification of the vibrational states of the dot, which has 
to do with a shift of its equilibrium position, should be 
taken into account. This results in a so-called Frank- 
Condon blockade of electronic tunneling!^ The spintro- 
mechanical stimulation of a spin-polarized current and 
the spin-polaronic Franck-Condon blockade of electronic 
tunneling are in competition and their interplay deter¬ 
mines a non-monotonic voltage dependence of the giant 
spin-filtering effect. 

To understand the above effects in more detail con¬ 
sider the analytical results of Ref. [9 • A solution of the 
problem can be obtained by the standard sequential tun¬ 
neling approximation and by solving a Liouville equation 
for the density matrix for both the electronic and vibronic 
subsystems. The spin-up and spin-down currents can be 
expressed in terms of the tunneling rates T^ # (energy 
broadening of the level) and the occupation probabilities 
for the dot electronic states. For simplicity we consider 
the case of a strongly asymmetric tunneling device. At 
low bias voltage and low temperature the partial spin 
current is 


eT l exp 


a 2 0 

V 

A 2 

\hu>o J 


- sgn(cr)/3 , (5) 


where (3 = A/A is the ratio of the polaronic shift A of 
the equilibrium spatial position of a spin-polarized dot 
and the electronic tunneling length A (A = | J'(0)|ao/fiwo 
where do is the zero-point oscillation amplitude of the 
dot). In the high bias voltage (or temperature) regime, 
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FIG. 4: Spin polarization of the current through the model 
NEM-SET device under discussion. 


filtering a high temperature effect P 


FIG. 3: Diagram showing how the equilibrium position of the 
movable dot depends on its net charge and spin. The differ¬ 
ence in spatial displacements discriminates transport through 
a singly occupied dot with respect to the electron spin. 


ma x{eV, T} E p = oc^VjJq (a p = A/ao), where the po- 
laronic blockade is lifted (but double occupancy of the 
dot is still prevented by the Coulomb blockade), the cur¬ 
rent expression takes the form 

), ( 6 ) 

where n B is Bose-Einstein distribution function. The 
scale of the polaronic spin-filtering of the device is de¬ 
termined by the parameter /3, which for typical values 
of the exchange interaction and mechanical properties 
of suspended carbon nanotubes is about 1-10. As was 
shown this is enough for the spin filtering of the electrical 
current through the device to be nearly 100 % efficient. 
The temperature and voltage dependence of the spin¬ 
filtering effect is presented in Fig. [4j The spin filtering 
effect and the Franck-Condon blockade both occur at low 
voltages and temperatures (on the scale of the polaronic 
energy; see Fig. [4^,). An increase of the voltage applied 
to the device lifts the Franck-Condon blockade, which re¬ 
sults in an exponential increase of both the current and 
the spin-filtering efficiency of the device. This increase 
is blocked abruptly at voltages for which the Coulomb 
blockade is lifted. At this point a double occupation of 
the dot results in spin cancellation and removal of the 
spin-polaronic segregation. This leads to an exponen¬ 
tial drop of both the total current and the spin polariza¬ 
tion of the tunnel current (Fig. S>)- As one can see in 
Fig. [Ijo prominent spin filtering can be achieved for real¬ 
istic device parameters. The temperature of operation of 
the spin-filtering device is restricted from above by the 
Coulomb blockade energy. One may, however, consider 
using functionalized nanotubed- 1 ^ or graphene ribborrf^ 
with one or more nanometer-sized metal or semiconduc¬ 
tor nanocrystal attached. This may provide a Coulomb 
blockade energy up to a few hundred kelvin, making spin 


eV L exp ( [2 n B + 1] - 2sgn(cr)/3 


B. Spintro-mechanical shuttling of electrons 

In this Subsection we will focus on weakly dissipating 
nanomechanical shuttle devices. In that case the cou¬ 
pling of the vibrations to a non-equilibrium flux of elec¬ 
trons may drive the mechanical subsystem far away from 
thermal equilibrium. This is what happens if a finite 
energy transfer between electrons and vibrons results in 
energy being pumped into nanomechanical vibrations. It 
is illustrative to analyze the criterion for such a pumping 
to occur by considering the work done by the spintrome- 
chanical force associated with electron tunneling. For 
this purpose we adopt a simple model and consider a 
movable quantum dot comprising one spin up and one 
spin down electronic state. The dot can oscillate around 
an equilibrium position between two fully spin polarized 
ferromagnetic leads with anti-parallel magnetization di¬ 
rections, as sketched in Fig. [5] 

If tunneling of electrons is prohibited and there is no 
external magnetic field, then the total electronic spin lo¬ 
cated on the dot is conserved. It follows that no net work 
is done by the spintro-mechanical force during one oscil¬ 
lation period and no change of the dot vibration energy 
is possible due to this force. Now, what would be effect 
of electronic tunneling? 

The main effect of tunneling is to provide a conduc¬ 
tance mechanism by which electrons can tunnel from the 
source electrode to the dot and then from the dot to the 
drain electrode. Tunneling of an electron from the source 
to the dot changes the total value of its spin by the spin 
of the tunneling electron and hence adds to the spintro- 
mechanical force on the dot. Could this additional force 
do work on the dot as it carries the extra electron towards 
the drain electrode? The answer is no! The reason is that 
the spin projection of the extra electron is the same as 
that of the majority spins in the source and that therefore 
the extra force is a retardation force directed opposite to 
the velocity of the dot. The conclusion is that extra me¬ 
chanical dissipation is created spintro-mechanically and 
that no pumping of vibrational energy is possible in this 
case. 

However, as we have already pointed out, the situation 
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FIG. 5: Sketch of a voltage biased device where a movable 
dot may oscillate between two fully spin polarized leads with 
anti-parallel magnetization directions in the presence of a per¬ 
pendicular magnetic field H. If H = 0 no current can flow 
between the leads due to a so called spin blockade. Note 
that a spin-up electron on the dot is attracted to the source 
and repelled from the drain by the magnetic exchange force. 
However, the resulting force does not do any work during a 
complete oscillation cycle since the spin in this case is a con¬ 
stant of motion. If H ^ 0 spin flips may occur, which opens 
up the possibility for a current to flow. A flipped spin on the 
dot will be attracted to the drain and repelled from the source 
by a force J~h{ x). Averaging over the position x for spin flips 
one finds that this force may do positive work on the dot and 
hence lead to a spintro-mechanical shuttle instability. 


is radically changed if an external magnetic field oriented 
perpendicular to the spin is switched on. Such a mag¬ 
netic field induces electronic spin flips, which reverse the 
direction of the additional spintro-mechanical force. As 
we will show in this Subsection a perpendicular magnetic 
field under certain conditions facilitates nanomeclrani- 
cal vibrations and a spintro-mechanical instability, which 
can develop into self-sustained, large-amplitude dot vi¬ 
brations. Such vibrations, which are accompanied by 
mechanical transportation of both electronic charge and 
net electronic spin, we call spintro-mechanical shuttling 
while we refer to the instability that starts the shuttling 
as a spintro-mechanical shuttle instability. 

A particularly transparent picture of how spintro- 
mechanics affect shuttle vibrations emerges in the limit 
of weak magnetic field H and large electron tunnelling 
rate F sid) between dot and source- and drain elec¬ 
trodes. In order to explore this limit, where Tg 
u !o {nH/K) 2 /T D and u>o/2tt is the natural vibration 

frequency of the dot, we focus first on the total work done 
by the exchange force 3 as the dot vibrates under the 
influence of an elastic force only. In the absence of an ex¬ 
ternal magnetic field® the dot is in this case occupied by 
a spin-up electron emanating from the source electrode. 
This spin is a constant of motion and hence no electrical 
current through the device is possible since only spin- 
down states are available in the drain electrode. During 
the oscillatory motion of the dot the exchange force is 
therefore always directed towards the source electrode 
while its magnitude only depends on the position of the 
dot, S' = So(aO- As a result, no net work is done by the 
exchange force on the dot. This is because contributions 


are positive or negative depending on the direction of the 
dot’s motion and cancel when summed over one oscilla¬ 
tion period. A finite amount of work can only be done 
if the exchange force deviates from So (a;) as a result of 
spin flip processes induced by the external magnetic field. 
Such a deviation can be viewed as an additional random 
force Sh that acts in the opposite direction to So( a; )- hr 
the limit of large tunneling rate, ^s(d) ^ A 4 H/h , and 
small vibration amplitude a spin flip occurs with a prob¬ 
ability oc (fj,H / Ar/(woT£>) during one oscillation period 
and is instantly 13 accompanied by the tunneling of the 
dot electron into the drain electrode, thereby triggering 
the force Sff- The duration of this force is determined 
by the time St ~ 1/Ts(x(£)) it takes for the spin of the 
dot to be “restored” by another electron tunneling from 
the source electrode. 

The spin-flip induced random force Si? = — So(a) is 
always directed towards the drain electrode. Hence, its 
effect depends on the dot’s direction of motion: as the 
dot moves away from the source electrode it will be ac¬ 
celerated, while as it moves towards the source it will be 
decelerated. Since a spin-flip may occur at any point on 
the trajectory one needs to average over different spin- 
flip positions in order to calculate the net work done on 
the dot. The result, which depends on the competition 
between the effect of spin flips that occur at the same 
position but with the dot moving in opposite directions, 
is nonzero because St is different in the two cases. As the 
dot moves away from the source electrode the tunneling 
rate to this electrode will decrease while as the dot moves 
towards the source it will increase. This means that the 
duration of spin-flip induced acceleration will prevail over 
the one for deceleration. As a result, in weak magnetic 
fields, the dot will accelerate with time and one can ex¬ 
pect a spintro-mechanical shuttle instability in this limit. 

The situation is qualitatively different in the opposite 
limit of strong magnetic fields, where Tg^) <C ^jlH/H and 
the spin rotation frequency therefore greatly exceeds the 
tunneling rates. In this case the quick precession of the 
electron spin in the dot averages the exchange force to 
zero if one neglects the small effects of electron tunnel¬ 
ing to and from the dot. If one takes corrections due to 
tunnelling into account (having in mind that the source 
electrode only supplies spin-up electrons) one comes to 
the conclusion that the average spin on the dot will be di¬ 
rected upwards. This results in a net spintro-mechanical 
force in the direction opposite to that of the net force 
occurring in a weak magnetic field limit. As a result, in 
strong magnetic fields one expects on the average a de¬ 
celeration of the dot. Therefore, there will be no shuttle 
instability for such magnetic fields. 

As we have discussed above spin-flip assisted electron 
tunnelling from source to dot to drain in our device re¬ 
sults in a magnetic exchange force that attracts the dot 
to the source electrode. It is interesting to note that 
this is contrary to the effect of the Coulomb force in the 
same device!® Indeed, since the Coulomb force depends 
on the electric charge of the dot it repels the dot from the 
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source electrode. Hence, while the dot is empty as the 
result of a spin-flip assisted tunneling event from dot to 
drain, an “extra” attractive Coulomb force Jq is active. 
An analysis fully analogous with our previous analysis of 
the “extra” repulsive magnetic exchange force $h leads 
to the conclusion that the effect of the Coulomb force 
will be just the opposite to that of the exchange force. If 
the exchange force is sufficiently weak, this means that 
in the Coulomb blockade regime there is no shuttle insta¬ 
bility in the limit of weak magnetic field, while in strong 
magnetic fields electron shuttling occurs. A full analy¬ 
sis, which confirms the predictions made above for some 
limiting cases using only qualitative arguments, can be 
found in Ref. HU 

IV. SPIN GATING OF QUANTUM COHERENT 
ELECTRON TRANSPORT THROUGH 
NANOWIRE-BASED ELECTRIC WEAK LINKS 

Quantum coherence did not play any role in the spin- 
gate induced nanomechanical phenomena considered so 
far in this review. From now on, however, we will focus 
on this very subject, i.e. on spin-gated phase coherent 
transport. 

Spin gating of the phase of the electronic wave function 
can be achieved via the Aharonov-Casher effect^ which 
is that if an electron spin moves in an external electric 
field an extra phase is accumulated as the electron moves 
along its trajectory. The effect is a direct consequence of 
classical electrodynamics being applied to the relativisti- 
cally small magnetic moment induced by the spin of an 
electron. It is dual to the Aharonov-Bohm effect, where 
an extra phase is accumulated due to propagation of an 
electron along its trajectory in an external magnetic field. 

Classically, the effect of the interaction between a mag¬ 
netic moment and an electric field is readily obtained by 
observing 18 that a magnetic moment jl moving with ve¬ 
locity v gives rise to a an electric dipole moment 

P = i [ v x jl] (7) 

in the rest frame of the charges responsible for the electric 
field E. The interaction energy is then given bj® 

t/ = -P-E = -A-jMExp). (8) 

Equation ^ gives the correct value 18 for the spin-orbit 
interaction of an electron if one uses the Bohr magne¬ 
ton p,B = eh/(2mc) for the magnetic moment associated 
with the electronic spin. Being a relativistic effect, the 
electron spin-orbit coupling is generically very weak and 
a large electric field is therefore required for it to have 
any significant strength. This is hard to achieve in bulk 
metals, where the screening of electric fields is very effi¬ 
cient. However, as was pointed out by RashbapSl strong 
enough electric fields may appear in the vicinity of a crys¬ 
tal surface, where the unscreened electric field induced by 



FIG. 6: Schematic geometry used for calculating the spin- 
orbit coupling dependence of the tunneling amplitude for the 
device shown in Fig. ID>- A localized level is tunnel coupled to 
left ( L ) and right (R) electrodes with possibly different chem¬ 
ical potentials fiLa and pR a . The setup lies in the x-y plane 
and a magnetic field is applied along z. It corresponds to a 
configuration in which the wire is controlled only mechani¬ 
cally, and the STM is not shown. 


surface band bending can be as strong as the electric field 
in heavy atoms. Such an enhanced spin-orbit interaction, 
now called Rashba spin-orbit interaction, can dominate 
the electronic properties of low dimensional conductors 
such as quantum dots and nanowires, which serve as elec¬ 
tric weak links in mesoscopic devices. 

In order to show that a significant spin gating effect 
can be induced by Rashba spin-orbit coupling, consider 
the mesoscopic device shown in Fig. [TJd. Here a bent 
nanowire serves as an electric weak link between two bulk 
electron reservoirs. If an electron enters the wire from the 
left reservoir, say, its kinetic energy has to change. This 
is because of the finite spin-orbit interaction in the wire 
and the condition that the total energy of the electron 
has to be conserved. The change in kinetic energy cor¬ 
responds to a change of momentum and hence of the de 
Broglie wave length of the electron. Accordingly the elec¬ 
tron wave function will accumulate an extra phase as the 
electron travels along its trajectory through the wire, 

V’(r) ~ exp - J (p X E) • dr j . (9) 

This is nothing but a manifestation of the Aharonov- 
Casher effect and represents a spin gating effect on co¬ 
herent electron transport. The effect can be incorporated 
as an extra phase factor in an effective probability am¬ 
plitude for electron tunneling through a nanowire-based 
tunneling weak link such as that shown Fig. [T] ». 

It is convenient to use the simplified model system 
shown in Fig. [6] for calculations (see Ref. f2Tlfor details). 
There, the nanowire is replaced by a quantum dot, which 
has a single level (of energy eo), and which vibrates in 
the direction perpendicular to the wire in the junction 
plane. The leads are modeled by free electron gases and 
are firmly coupled to left and right reservoirs, of chemical 
potentials pLa and pR a , respectively, allowing for spin- 
polarized charge carriers. Here, er denotes the spin index; 
the spin-quantization axis (assumed to be the same for 
both reservoirs) depends on the spin imbalance in the 
reservoirs and will be specified below. The electronic 











populations in the reservoirs are thus 


/ L(R)cr(£k(p)) = 1/ 


3 /3( e fc(p) ^L(R)a-) _|_ 2 


( 10 ) 


where /3 = l/k R T. The electron gas states in the left 
(right) lead are indexed by k ( p ) and have energies ( e p ). 
Below we denote by Cka (cpa) the annihilation operators 
for the leads, and by co CT that for the localized level. 

The linear Rashba interaction manifests itself as a 
phase factor on the tunneling amplitude.^ In the ge¬ 
ometry of Fig. |6j this phase is induced by an electric 
field perpendicular to the x-y plane, and is given by 
a so R x a • z, where a so denotes the strength of the spin- 
orbit interaction (in units of inverse length), and a is a 
vector whose components are the Pauli matrices. Quite 
generally, Rl = (xl,Vl) for the left tunnel coupling and 
R/f = (x R , —yn) for the right one, where both radius vec¬ 
tors R^ and R^ are functions of the vibrational degrees 
of freedom (as specified in the following). The quantum 
vibrations of the wire, which modify the bending angle, 
make the electronic motion effectively two dimensional. 
This leads to the possibility of manipulating the junction 
via the Aharonov-Bohm effect, by applying a magnetic 
field which imposes a further phase on the tunneling am¬ 
plitudes (f) L ( R) = -(7t/$ 0 ){Hx L ( R) y L ( R) ) 1 where H is the 
magnetic field and $o is the flux quantum (a factor of or¬ 
der unity is absorbed^ in H ). 

It follows that the tunneling Hamiltonian between the 
localized level and the leads takes the form 

Htun = E ( Vkacr'C^Cka' + H .C.) (11) 

k,cr,cr' 

^ ^ (Vpacr'Cpo-COcr' H - H.C.'j . 

p,a,a' 


The tunneling amplitudes are (operators in spin and vi¬ 
bration spaces) 

Vk( P ) = -Jl(r) exp (-iipL(R)) , (12) 

where 

4>l = 4>l - a so (x L a y - y L a x ) , (13) 

'0 R — Ol{ O'.so {x R i 7y -\- y R CT x ) . 


We consider a non-resonant case, where the localized 
level is far above the energies of the occupied states in 
both leads (i.e., no energy level in the wire is close enough 
to eo for it to be involved in inelastic tunneling via a 
real state). This allows us to exploit the tunneling as an 
expansion parameter^ and to preform a unitary trans¬ 
formation which replaces the wire by an effective direct 
tunneling between the leads through virtual states 


HLn = E (4E 

k,p 


kp C P 


H.c. 


with (using matrix notations in spin space) 


wl P = 


1 


1 


1 


£p — £o £fc — £o 


F.Vl 

k p 


(14) 


(15) 


A straightforward calculation^ now gives the spin cur¬ 
rents in the system, in particular the currents from the 
weak link into the left and right leads. These currents 
may carry current and/or spin and will obviously de¬ 
pend on the chemical potentials in the two leads, which 
in general can be written as yL,R^ = dL,R + Ul,r/Z 
and [iL,R,i = Hl,r ~ Ul, R /2■ A particularly interesting 
case is when = y R and Ul = U R — U ^ 0, so that 
there is no electrical bias but only a spin bias. Such a 
spin bias can be achieved by pumping spin into the bulk 
electrodes either by injecting a spin polarized current or 
by irradiation with circularly polarized light producing 
photon induced electronic spin-flip transitions. In this 
case a finite spin current J sp i n ,t = — Jspin.j. is generated 
inside the Rashba weak link and pumped out into the 
leads in such a way as to counteract the spin bias (which 
we assume to be maintained by external pumping as de¬ 
scribed above). Introducing a spin conductance G' sp i n in 
the linear response regime, where J sp i n ^ = —UG S p ; n , one 
finds the following results for G sp i„ in the high- and low 
temperature limits: 


Go 


= sin 2 (a so (i) cos 2 (0 o ) x 


1-Pt^oMl phto 0 «1 

e -H-/Hg ptujjQ 1 
(16) 


Here H 0 = V2§o/ [ndao cos(Oo) cos(20 o )] gives the mag¬ 
netic field scale. For values of a so typical for experiments 
and a nanowire of length d ~ 1 /im one finds that the spin 
conductance is of the same order as the usual (electrical) 
conductance Go (divided by e 2 ); Go = hTLT R /(TT£Q). 

In addition to spin current injection, other transport 
phenomena in a Rashba spin splitter can be consid¬ 
ered, including electric and thermal transport through 
the Rashba spin splitter connected by both magnetic and 
non-magnetic leads. A detailed description of a number 
of such phenomena, including a spin-gate controlled pho¬ 
tovoltaic effect, can be found in Ref. 122] 


V. SPIN GATING OF COOPER PAIRS IN 
SUPERCONDUCTING WEAK LINKS 

Weak superconductivity is a phenomenon that relies on 
the so called proximity effect at the boundary between a 
superconductor and a normal metal. As Cooper pairs of 
electrons are injected from the superconductor into the 
normal metal the correlation between the members of the 
pairs persists for a while in the proximity of the super¬ 
conductor. If the distance between two such boundaries, 
forming a superconductor-normal metal-superconductor 
weak link, does not exceed the superconducting coher¬ 
ence length the proximity effect allows a superconducting 
current to flow through the device. 

The electrons of a Cooper pair remain coherent while 
propagating through the normal metal if the extra phase 
of the pair wave function accumulated along their trajec¬ 
tory can be neglected. Superconducting pairing of elec¬ 
trons with a small total total momentum allows for such 
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dtp- = Sk-x 


FIG. 7: Illustration of how the two members of a Cooper pair 
of electrons (singlet pairing) pick up different contributions 
5tp -1 and Sipi to their phases as a consequence of momentum 
changes 5k- ~ ±I/(Iivf) = ±l/2£/, required to conserve 
energy in response to the magnetic exchange energy shift ±7 
in the ferromagnetic weak link. Different paths through the 
weak link result in different changes to the phase of the pair 
wave function and, when summed over, tend to suppress the 
Josephson current. 




a preserved phase coherence over distances of the order 
of the superconducting coherence length. The situation 
changes drastically if a ferromagnetic metal is used as 
the non-superconducting element of a Josephson weak 
link since the magnetic exchange interaction shifts the 
energy of electrons with opposite spin projections in dif¬ 
ferent directions, by ±7 say. Since the total energy of 
both the electrons of a Cooper pair should be conserved 
after being injected into the ferromagnet the absolute 
value of their momenta must change, the result being 
that the total momentum of the injected pair becomes 
nonzero, 5k -^ ~ ±7/ (hv f) = ±1/2^ (where we have de¬ 
fined the characteristic length £/,, = Hvf/ZI that appears 
in Fig. 111. Consequently, a finite phase is accumulated 
while the pair is propagating through the magnetic weak 
link as indicated in Fig. [7] 

The phases accumulated by the Cooper pair electrons 
now depend on their coordinate along the trajectory and 
are determined by the projection of their velocity on the 
direction of the supercurrent. To find the total probabil¬ 
ity amplitude for transferring a Cooper pair from one 
superconductor to the other across the weak link one 
needs to sum the phase factors of all possible Cooper 
pair trajectories. The destructive interference resulting 
from such a summation suppresses the Josephson current 
through a magnetic weak linkPS 

If the magnetization direction of the ferromagnetic 
weak link changes across its length the situation is differ¬ 
ent since in this case the spin projection used to define 
singlet pairing of the Cooper pair electrons is not a good 
quantum number and quantum fluctuations of the spin 
occurs. As a result a quantum superposition of singlet 
and triplet paired electrons occur, as indicated in Fig. [8j 
making it possible for tr iplet Cooper pairs to contribute 
to the supercurrent pH 27 - 

In this Section we consider the ferromagnet-based su¬ 
perconducting weak link sketched in Fig. |T]c, using the 
specific model model shown in Fig. [9] Here the magnetic 
exchange interaction affects the spin of the Cooper pair 
electrons as indicated above. In the considered model 



FIG. 8: Schematic representation of how, if the direction of 
magnetization in the weak link is not constant across the link, 
quantum fluctuations of the spin lead to a quantum superpo¬ 
sition of singlet and triplet paired electrons. 



FIG. 9: Model of the S-F-S Josephson junction shown in 
Fig. 0- here specified to contain three ferromagnetic layers 
(domains) with a stepwise changing profile of the magnetic 
exchange field h (z). The tilt of the exchange field in the 
middle layer could be due to a nearby magnetic STM tip 
(spin gate) as in Fig. [TJc. The tilt angle a is a dimensionless 
measure of the spin-gate coupling and the dashed red line 
indicates a linear quasiparticle trajectory. 


the effect of spin-gating can be viewed as a local Cooper- 
pair scattering event occurring in the middle ferromag¬ 
netic layer of Fig. [9] A possible outcome is an exchange 
scattering event where the two electrons that form the 
Cooper pair exchange their spins. In this case the phase 
accumulation of the two paired electrons up to the scat¬ 
tering event, as indicated in Fig. [7J will be reversed in 
the sense that the phase difference between them will di¬ 
minish after the scattering event as illustrated in Fig. [To] 
This may partially or fully suppress the destructive in¬ 
terference among different Cooper-pair paths through the 
magnetic weak link and hence increase the effective pair 
coherence length in the weak link. 

The problem sketched above was considered in Ref. [55i 
by using a standard parametrization of the anomalous 
quasiclassical Green’s function / = f s + i f ■ (7, which can 
be viewed as a wave function for the Cooper pairs. Quan¬ 
tum fluctuations of the spin caused by the described spin 
gating of the device under consideration results in a su¬ 
perposition of singlet ( f s ) and triplet f) wave functions 
(<x is a vector whose components are the Pauli matrices 
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FIG. 10: Illustration of how the phase accumulation 
of the electrons of a Cooper pair as they travel along a tra¬ 
jectory through the model ferromagnetic weak link of Fig. [9] 
is reversed after a spin-exchange scattering event. 



FIG. 11: Dependence of maximal Josephson current I c = 
max{/i} on the shift of the central domain zo for different 
values of the angle a We have set T = 0.9T C ; d = 20^; 
d 2 = 2.5£h, [Jo = {eT c N/8h)(A/T c )}. 


in spin space), which obey the coupled, linearized Eilen- 
berger equation^! 

- ihv F d s f s + 2h ■ f t = 0, -ihv F dJ t + 2hf t = 0. (17) 

Here s is a coordinate along the Cooper pair trajectory 
and the boundary conditions at the injection point s F at 
the edge of the left superconductor are f s (s = sl) = 1 
and f t(s = Sl) — 0. 

By solving the set of equations one can calculate 
the supercurrent through the system for different elec¬ 
tronic trajectories through the weak link (characterized 
by the angle 0 shown in Fig. |9j. One then has to aver¬ 
age over 0 to get the result shown in Fig. ED where the 
supercurrent is plotted as a function of the position of 
the spin gate electrode (STM tip) for different (dimen¬ 
sionless) strengths a of the spin-gate coupling (compare 
Fig. [§)■ 


VI. CONCLUSIONS 

The possibility to localize, detect and manipulate sin¬ 
gle electrons on the nanometer length scale allows for 
electric charge to be controlled locally down to the level 
of the fundamental unit of electronic charge. A number 
of applications have been proposed and realized for such 
electrostatic gating of mesoscopic devices. In this review 
based on recent publications we argue that electronic spin 
can also be controlled and manipulated locally in a way 
that provides an additional, spintronic, “knob” for ma¬ 
nipulating nanodevices. Several new functionalities can 
be achieved by such spin gating of mesoscopic devices. 
The magnetic exchange interaction and the Rashba spin- 
orbit coupling are examples of interactions that can be 
exploited to provide a spin gating effect. These interac¬ 
tions are both extremely sensitive to geometrical modi¬ 
fications of the device, which makes it possible to pro¬ 
vide local probes of electronic spin on the subnanometer 
length scale. 

A number of suggested new device functionalities 
based on the spin gating effect on both classical elec¬ 
tron transport and quantum coherent electron transport 
are reviewed in this work. Spintromechanics based on 
the magnetic exchange energy induces a significant spin- 
polaronic effect in transport through a magnetic nanome¬ 
chanical SET device and induces a giant spin polariza¬ 
tion of the electrical current as described in Section |HI Al 
Also, a nanomechanical shuttle instability can be in¬ 
duced spintromeclianically in such devices as shown in 
Section IIIIBI 

As for spin gating effects in the quantum coher¬ 
ent transport regime, long spin-relaxation times in low- 
dimensional conductors open up the road to exploring 
spin-related quantum interference phenomena in meso¬ 
scopic devices. The required spin gating of the phase 
of the electronic wave function can be achieved via the 
Aharonov-Casher effect, which is to say that if an elec¬ 
tron moves in an external electric field an extra spin- 
dependent phase is accumulated along its trajectory. 
In Section ||V] we study spin gating effects in a gated 
nanowire break junction, taking advantage of the fact 
that the described spin-orbit coupling is greatly enhanced 
in low dimensional conductors due to the Rashba effect. 
We demonstrated that in general the junction acts as a 
“Rashba spin splitter” by splitting the electronic wave in 
spin space and that in particular a net spin current can 
be generated inside the weak link in case a spin imbal¬ 
ance is imposed on the electronic reservoirs coupled by 
this “Rashba weak link”. More research is needed to fully 
develop gate controlled spin interferometry applications, 
which is likely to involve superconducting Rashba split¬ 
ters (compare Ref. |30]) and spin-gated mesoscopic ring 
configurations. 

Finally, in Section |Vj we demonstrate that the phase 
coherence of a superconducting condensate is sensitive to 
spin gating through its effect on the Cooper pairs that 
form the condensate. In particular we showed that weak 
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superconductivity in magnetic Joseplison junctions can 
be stimulated by spin gating of Cooper pairs, which opens 
up the possibility for spintronic manipulations of super¬ 
conducting Josephson devices. 

With a view towards future work, we note that an¬ 
other possibility to manipulate the electronic spin ap¬ 
pears if appropriately designed mesoscopic devices are 
irradiated by a microwave electromagnetic field. Photon 
induced electronic spin-flip scattering, e.g., brings a new 
possibility to affect the nanomechanics of spin-gated de¬ 
vices. This is an interesting future development of spin¬ 
gated electronics, which may provide an strong coupling 
between electromagnetic and mechanical degrees of free¬ 
dom, allowing for efficient matching of far infrared mi¬ 
crowave frequencies with sub-GHz mechanical vibration 
frequencies. The resonant nature of the photon induced 
spin flips and spintro-mechanical instability discussed in 


Section EH is a promising feature that may enable 
a significantly stronger photo-mechanical sub-GHz to 
sub-THz coupling than is possible with near-equilibrium 
transducers. 
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